To complement available structure and binding results and to develop a detailed understanding of the basis for selective molecular recognition of T´G mismatches in DNA by imidazole containing polyamides, a full thermodynamic pro®le for formation of the T´G±polyamide complex has been determined. The amide-linked heterocycles f-ImImIm and f-PyImIm (where f is formamido group, Im is imidazole and Py is pyrrole) were studied by using biosensor-surface plasmon resonance (SPR) and isothermal titration calorimetry (ITC) with a T´G mismatch containing DNA hairpin duplex and a similar DNA with only Watson±Crick base pairs. Large negative binding enthalpies for all of the polyamide± DNA complexes indicate that the interactions are enthalpically driven. SPR results show slower complex formation and stronger binding of f-ImImIm to the T´G than to the match site. The thermodynamic analysis indicates that the enhanced binding to the T´G site is the result of better entropic contributions. Negative heat capacity changes for the complex are correlated with calculated solvent accessible surface area changes and indicate hydrophobic contributions to complex formation. DNase I footprinting analysis in a long DNA sequence provided supporting evidence that f-ImImIm binds selectively to T´G mismatch sites.
INTRODUCTION
Polyamide DNA binding agents are of interest due to their sequence-speci®c binding characteristics (1±3), their ability to recognize mismatched base pairs, and their potential for use in modulation of gene expression (4) . Through the combination of pyrrole (Py), imidazole (Im), and other heterocycles in a side-by-side pairing, polyamides capable of speci®cally recognizing Watson±Crick DNA sequences have been synthesized (1±3). In addition, structural, binding af®nity and kinetics studies have shown the potential use of the sideby-side pairing of Im heterocycles for recognition of DNA sequences containing non-Watson±Crick base pairs (5, 6) . The amide-linked triimidazole, f-ImImIm where f is formamido (Fig. 1A) , can discriminate T´G from Watson±Crick C´G base pairs as well as from other mismatches (5, 6) .
Possible uses of the Im/Im pair include rapid detection of single nucleotide polymorphisms (5, 6) . Rapid and accurate detection of T´G mismatch base pairs in DNA would be of signi®cant bene®t since this mismatch is responsible for most of the common mutations leading to formation of tumors in humans. In human bladder carcinoma, for example, a G´C to A´T transition at the 3¢G of the GG doublet in codon 12 of the Ha-ras and Ki-ras proto-oncogene converts them to oncogenes (7±9). A T´G mismatch is often introduced by spontaneous deamination of 5-methylcytosine and can arise from errors in replication (10) . Structural analysis of DNAs containing T´G mismatches, indicates that the mismatches adopt a wobble conformation and structural perturbations are mainly in the vicinity of the mismatch (11, 12) . NMR studies show that f-ImImIm forms an anti-parallel dimer in the DNA minor groove with a T´G mismatch site (5, 6, 13, 14) . In the mismatch complex the guanine-NH 2 group of the wobble T´G base pair forms two speci®c hydrogen bonds to the side-byside Im/Im pair (5) . Biosensor-surface plasmon resonance (SPR) analysis has shown that f-ImImIm is capable of strongly and speci®cally binding to a DNA sequence with only a single T´G mismatch (6, 13) . This novel T´G mismatch recognition motif has recently been corroborated by results from the Dervan laboratory, in which a hairpin polyamide containing a stacked Im/Im pair was found to bind at a T´G mismatch site (14) .
There is a wealth of information on structure, binding af®nity and speci®city for the interactions of polyamides with DNA (1±3), however, the speci®c energetic factors that govern the binding events have rarely been characterized. Important calorimetric results have been reported for a very limited number of polyamides in complex with their target DNA sequences (15±17). Thermodynamic studies can provide valuable complementary information to the structural perspective and can improve our understanding of the molecular forces that govern the af®nity and speci®city of binding. Speci®cally, they can give additional insights into the energetic basis for the discrimination of the T´G mismatch from matched sites by f-ImImIm. We report here biosensor-SPR and calorimetric studies as a function of temperature as well as footprinting studies in a large sequence context for the interaction of f-ImImIm and f-PyImIm (Fig. 1A ) with mismatched and matched sequence DNAs. By conducting the studies as a function of temperature, we were able to determine the heat capacity changes on binding that are critical for a complete thermodynamic understanding of biomolecular interactions (18±20).
MATERIALS AND METHODS

Reagents and biochemicals
Compounds and buffers. Distamycin A was purchased from Sigma Chemical Co. and used without further puri®cation.
imidazole-2-carboxamido}imidazole-2-carboxamide (f-PyImIm) were prepared as described previously (6, 21) . Solutions of the compounds for calorimetric studies were prepared in MES20 buffer, 0.01 M MES [2-(N-morpholino)ethanesulfonic acid] adjusted to pH 6.25, 0.001 M EDTA and 0.2 M NaCl. Concentrations of the compounds were determined spectrophotometrically by absorbance at 304 nm for distamycin and 303 nm for f-ImImIm and f-PyImIm. The extinction coef®cients used were 34 000 M ±1 cm ±1 for distamycin (17) and 30 700 M ±1 cm ±1 for f-ImImIm and f-PyImIm at 25°C.
DNA sequences. DNAs were obtained as anionic exchange, HPLC puri®ed products (Midland Certi®ed Reagent Co). Biosensor-SPR binding studies were conducted with 5¢-biotinated DNAs, and calorimetric studies were performed with non-biotinated DNAs. Solutions for the ITC experiments were prepared in degassed MES20 buffer. To ensure that the DNA was in the hairpin form, the solutions were heated tõ 90°C and cooled rapidly in ice (22) . The concentration of the DNA solutions was determined spectrophotometrically at 260 nm and 85°C using extinction coef®cients per nucleotide of 9264, 9059 and 9400 M ±1 cm ±1 for CCGG, CTGGsm and A 3 T 3 , respectively. The extinction coef®cients were calculated on a per strand basis by the nearest-neighbor method and divided by the number of nucleotides per strand (23±25). The extinction coef®cients extrapolated to 25°C were 7824, 8107 and 7978 M ±1 cm ±1 for CCGG, CTGGsm and A 3 T 3 , respectively.
Methods
DNase I footprinting of TG mismatched oligonucleotides. Five micrograms of an 80 base DNA 5¢-AGG TGA GCA GGT CCA TAC TGG TTT GCA CCT CGA GGT TAC CGG TAT CTG CTC CAG CTC AAC TGG TAA CCT GCA CCT GGT CG-3¢ (MWG-Biotech AG), were 5¢-end-labeled with [g-32 P]ATP using standard protocols. The labeled oligonucleotide was heated at 95°C for 3 min and annealed to 5 mg of a complementary strand at 65°C for 1 min then cooled slowly to 4°C. The annealed product, containing a core match site (5¢-CCGG-3¢) and a single T´G mismatch site (5¢-CTGG-3¢) that are underlined above, was separated on a 3% agarose gel, excised and puri®ed with a Zymoclean gel/DNA recovery kit (Anachem) using standard procedures. The polyamide fImImIm was incubated with 0.5 mg of the double-stranded DNA in 10 mM Tris pH 7.0, 1 mM EDTA, 50 mM KCl, 1 mM MgCl 2, 0.5 mM DTT and 20 mM HEPES, at room temperature for 30 min, in a total volume of 50 ml. DNA cleavage was initiated by the addition of the polyamide treated sample to 2 ml (1 U) DNase I diluted in cold 10 mM Tris pH 7.0 from a stock solution (1 U/ml, Promega) and 1 ml of a solution of 250 mM MgCl 2 , 250 mM CaCl 2 . The reactions were performed at room temperature and stopped after 3 min by the addition of 100 ml of a stop mix containing 200 mM NaCl, 30 mM EDTA pH 8 and 1% SDS. The cleavage products were phenol/chloroform extracted and ethanol precipitated in the presence of 1 ml of glycogen (20 mg/ml; Roche Diagnostics), washed once in 80% ethanol and lyophilized. The samples were resuspended in formamide loading dye, denatured for 5 min at 90°C, cooled on ice and electrophoresed at 2000 V for 2 h on a 10% denaturing acrylamide gel (Sequagel, National Diagnostics). The gels were dried under vacuum at 80°C and exposed to ®lm for 24 h (X-OMAT, Kodak).
Isothermal titration calorimetry and biosensor-SPR. Calorimetric titrations were performed with a VP-ITC (Microcal, Inc., Northampton, MA) or a CSC 4200 ITC (Calorimetry Science Corp., Spanish Fork, UT). Software provided with the calorimeters is used for control and data collection. Electrical calibration of the instruments was performed by applying heat pulses using built-in modules. Chemical calibrations were performed by using: HCl/THAM, RNase A/2¢CMP, and BaCl 2 /18-Crown-6 (Aldrich Chem. Co., Milwaukee, WI). The enthalpy values obtained in the calibrations differed by <2% from literature values (26±28). ITC experiments were conducted by injecting 6±15 ml (depending on the compounds concentrations and heat generated) of the polyamides every 300 s for a total of 16±34 injections into DNA solution The concentrations were 0.0585, 0.2228 and 0.200 mM for f-ImImIm, f-PyImIm and distamycin, respectively. DNA hairpin concentrations were from 0.0035 to 0.010 mM. Similar experiments were performed to determine the heats of dilution of the polyamides with the DNA solution substituted by buffer. An experimental upper limit of 35°C was selected based on the T m of the DNA, which was determined to be over 40°C. The heat produced for each injection of compound into DNA or buffer was obtained by integration of the area under each peak of the titration plots with respect to time. The heats of reaction were obtained by subtraction of the integrated heats of dilution of the compounds from the heats corresponding to the injection of compound into DNA. The heat of titration of the ligand into buffer varies slightly over the ratio range. Because of the variation, point-to-point rather than averaged subtraction was applied to ITC titration data. Data corresponding to the ®rst injection were discarded. The binding enthalpy (DH°) for each titration was obtained by ®tting the results of heat per mole as a function of total molar ratio (polyamide/DNA).
SPR experiments were conducted using a BIACORE 2000 with an SA chip. The DNA hairpins were purchased with 5¢-biotinated. Immobilizations, experimental details and data processing procedures have been previously described (6, 21) .
Calculation of solvent accessible surface area. Changes in solvent accessible surface area (SASA) upon complex formation were calculated using the GRASP program (29) with a probe radius of 1.4. Computations were performed for all atom NMR structures for f-ImImIm bound to the 5¢-GAACTGGTTC-3¢ duplex (CTGGdm) containing a core having two adjacent T´G mismatches (5). Carbon, carbonbound hydrogen and phosphorus were de®ned as nonpolar atoms, while all other atoms were de®ned as polar. The change in SASA (DSASA) on complex formation was calculated as the difference between the SASA of the complex and the sum of the SASAs of the free DNA duplex and the free compound in the bound conformation (DSASA = SASA complex ± [SASA DNA + SASA f-ImImIm ]). Total contributions of the polar and nonpolar atoms to the surface areas were also obtained to calculate the predicted heat capacity changes (DCp°). The DCp°values were calculated using the equation derived from protein folding (30) and recently modi®ed for small molecule±DNA complexes (31):
RESULTS
Selective recognition of T´G mismatches by f-ImImIm
Although binding of f-ImImIm to single and double mismatch sites has been demonstrated in short DNA oligomers, selective binding has not been con®rmed in the context of a long duplex sequence. For direct comparison of the binding of f-ImImIm to match and mismatch sites, DNase I footprinting was used with an 80 base DNA containing Watson±Crick CCGG and single T´G mismatch (5¢-CTGG-3¢) sites (Fig. 2 ). Footprints were observed at both the T´G and match sites but footprints at the mismatch site appear at concentrations of 10 mM while binding at the match site required more than 5-fold higher concentrations. No binding was observed at other sites in the DNA duplex under the footprinting conditions. At the highest concentration of 50 mM, the footprints are larger than expected for the polyamide size. This has been observed with other polyamides and probably arises from nonspeci®c interactions at the high concentrations.
Binding constants (K), cooperativity and stoichiometry
Biosensor-SPR sensorgrams for the interaction of f-ImImIm with DNA hairpin duplexes containing CCGG and CTGGsm binding sites (Fig. 1 ) are in Figure 3 . The maximum instrument response (RU max ) obtained in the steady-state region corresponds to approximately twice the predicted response for binding of one molecule of the compound and indicates a 2:1 stoichiometry (2 mol of compound/mol of DNA hairpin) in agreement with previous studies (5,6). As can be seen in the ®gure, the kinetics for binding of the polyamide differ markedly for the different DNA sequences: f-ImImIm dissociates much more slowly from the mismatch complex (Fig. 3) . Binding constants can be determined from ®tting the steady state region of the sensorgrams, as previously described (6, 21) , or from ®tting kinetics in the association and dissociation regions. As expected, all results were best ®t with a model that has a 2:1 polyamide to DNA stoichiometry. For binding of f-ImImIm to both matched and mismatched sequences, K 1 is signi®cantly less than K 2 indicating positive cooperativity in binding of the two molecules of f-ImImIm. Because of correlation between K 1 and K 2 , the error in ®tting individual values of K 1 and K 2 is larger than that of the average (K = [K 1 *K 2 ] 1/2 ), for dimer complex formation. For comparison of the binding of polyamides to DNA, the average K values determined from the steady-state region are converted to binding free energies and reported in Table 1 . Reporting the square root values places all results on a per-bound molecule basis and allows direct comparison between binding of monomers and dimers as well as with literature results. The rate constants obtained from ®tting the kinetics curves allow calculation of K and with the polyamides these values agree with those from the steady-state analysis. Biosensor-SPR methods were also used to determine K as a function of temperature and the constants changed very little with temperature (Supplementary Material, Table S1 ). In summary, the presence of a T´G base pair in a DNA sequence has a pronounced in¯uence on the binding of f-ImImIm and yields a much higher af®nity than for a similar perfectly matched sequence.
Calorimetric analysis of binding. Large exothermic enthalpies are observed in ITC titrations of f-ImImIm into CCGG and CTGGsm (examples in Fig. 4) . The titration heats for the interaction of f-ImImIm with the CCGG hairpin are smaller than for CTGGsm and are spread over a broad ratio range as expected for weaker binding (6) . The titration heat was converted to heat per mole as a function of total molar ratio, and point-to-point subtraction of dilution heat was applied. The data were ®tted with a 2:1 model to give molar binding enthalpies (DH°). Due to the large correlation among the DH°F igure 3. Typical SPR sensorgrams for the interaction of f-ImImIm with the CCGG hairpin (top) and CTGGsm hairpin (bottom) at 25°C. The maximum responses, with the same amount of DNA immobilized on each surface of the biosensor, are the same in both cases at high concentration indicating the same stoichiometry. Remarkable differences in binding kinetics are observed: fast on/off kinetics for f-ImImIm±CCGG and slower kinetics for the f-ImImIm±CTGGsm complex. The compound concentrations are from 0.75 to 26 mM with CCGG and 0.01 to 7 mM with CTGGsm. values for binding of the two f-ImImIm molecules in a cooperative complex, the average binding enthalpy, rather than the individual enthalpies (DH 1°a nd DH 2°) , is reported in Table 1 . Titrations of f-PyImIm into the CCGG hairpin ( Fig. 1 ) provide an excellent model for comparison of strong matched site binding with the mismatched complex of f-ImImIm. The enthalpic contributions are highly favorable for binding of both polyamides to their DNA recognition sequences. The DH°values along with DG°values from SPR allow calculation of DS°for binding ( Table 1 ). The DS°values are negative, an unfavorable term in the DG°of binding. Although the average enthalpic contribution for the formation of f-ImImIm/ CTGGsm and f-PyImIm/CCGG complexes is comparable, the entropic contribution is less favorable for f-PyImIm binding to CCGG at 298 K. The enthalpy is strongly temperature dependent and decreases (becomes more exothermic) as the temperature is increased (Fig. 5, top) . Similar results were obtained for the interaction of f-PyImIm with its cognate CCGG sequence (Fig. 5, bottom) . The experimental heat capacity changes for formation of the complexes were obtained from linear ®tting of DH°as a function of temperature (Table 1 ) and all DCp°values are negative. The interactions of polyamides vary signi®cantly with DNA sequence as shown in previous studies of distamycin binding to AT-rich sequences (2, 6, 17, 21) . Unlike the imidazole containing polyamides, formation of the distamycin 2:1 complex with an A 3 T 3 sequence is governed by negative cooperativity with strong af®nity in the ®rst interaction (K 1 = 3.1 Q 10 8 M ±1 , DG 1°= ±11.6 kcal/mol) followed by weaker binding of a second molecule (K 2 = 8.0 Q 10 5 M ±1 , DG 2°= ±8.1 kcal/mol) (6) . ITC titrations of distamycin were conducted as a model system for comparison of positive and negative cooperativity in dimer interactions ( Supplementary  Material, Fig. S1 ). Binding of the two molecules of distamycin to DNA is clearly distinguished in the plot, which has a quite different shape than with the Im polyamide titrations. Binding of the ®rst distamycin has a lower enthalpy (DH 1°= ±12.2 kcal/mol) than that of the second (DH 2°= ±23.9 kcal/mol). The entropic contributions of ±0.6 and ±15.9 kcal/mol for distamycin binding to the two sites indicate that the entropic contribution is near zero for binding of the ®rst molecule but is very unfavorable for the second. These results indicate that, as with the imidazole polyamides, distamycin binding is enthalpy driven.
Calculated heat capacity changes. Changes in SASA on complex formation have been correlated with DCp°values for protein±protein, protein±DNA (32,33) and more recently for It is interesting that distinct differences in the heat pro®les are observed but that the averaged total binding heats are comparable (Table 1 ). (Table 1) .
drug±DNA interactions (34, 35) . The DCp°values for the fImImIm±CTGGdm complex were calculated based on buried surface areas determined by using the reported NMR structure (5) with previously described methods (31, 36) . Although the structure for the complex with the CTGGsm sequence is not available, the values obtained with the CTGGdm sequence could be extrapolated to the complex formed with the single mismatch. The calculated heat capacity changes using two different sets of parameters are negative and in general agreement with the experimental values (Supplementary Material, Table S2 ).
DISCUSSION
Previous biosensor binding studies have shown that f-ImImIm and other polyamides bind to short oligonucleotides (matched or mismatched sequences) with signi®cantly different af®n-ities (6, 21) . Fox and coworkers have also recently shown that some, but not all, chemical and enzymatic cleavage agents can recognize T´G (and other) mismatched base pairs in a long DNA sequence (37) . The ®rst question that we wished to answer in this study was whether f-ImImIm could selectively recognize a single T´G mismatch site in competition with excess Watson±Crick sites. Footprints from DNase I cleavage of an 80 base DNA sequence with a single T´G mismatch (Fig. 2) show strong protection from cleavage by f-ImImIm at the T´G site. These results are in agreement with the oligonucleotide studies by SPR that indicate stronger binding of f-ImImIm to the mismatched CTGGsm over the matched CCGG site. A full thermodynamic data set is essential to complement the structural information available for T´G recognition by f-ImImIm and to provide a complete understanding the energetic basis for the T´G recognition. The values of DH°a nd DCp°for binding reactions are most reliably obtained by calorimetry rather than indirectly from van't Hoff determinations (38±41). Calorimetry, on the other hand, may provide a less accurate K for strong binding reactions due to the relatively high concentrations that may have to be used if reaction heats are low. We have found biosensor-SPR methods to be particularly valuable in studies of DNA oligomer complexes with small molecules such as the polyamides (6,21) since a wide range of concentrations can be used and both kinetic and equilibrium results are obtained. The SPR studies are particularly useful when the K values are high, as with the f-ImImIm/T´G complex.
Biosensor-SPR methods clearly show that the polyamides form cooperative 2:1 complexes with their DNA recognition sites. The DG°values for binding are essentially constant with temperature suggesting strong enthalpy±entropy compensation in this temperature range (Fig. 5) . Such compensation is observed for many biomolecular processes and suggests a signi®cant hydrophobic component to the binding energetics (31,42±44) . The SPR results quantitatively show that fImImIm binds much more strongly to the mismatched CTGGsm sequence than to the equivalent DNA with Watson±Crick base pairs. The DG°value for binding to T´G sites is~2 kcal/mol more favorable than for binding to equivalent CG sites. The improved binding of f-ImImIm to the T´G mismatch is correlated with much slower dissociation kinetics relative to the matched CCGG complex (6,21). The slow dissociation kinetics for the mismatch complex could arise from at least two factors: the breakage of strong H-bonds (from the amino protons of G to f-ImImIm) and the rearrangement/re-uptake of water molecules in the DNA minor groove as described below.
Calorimetric studies are also consistent with formation of cooperative 2:1 complexes of f-ImImIm with both matched CG and mismatched T´G DNA sequences and with stronger af®nity for the mismatch. The difference in the heat pro®les for f-ImImIm binding to CTGGsm and CCGG (Fig. 4) arises both from differences in individual enthalpies (DH 1°a nd DH 2°) and binding constants (K 1 and K 2 ) in the 2:1 complexes. Somewhat surprisingly given all of these differences, the calorimetric titrations suggest that the averaged total heats for dimer formation are comparable for formation of f-ImImIm± CTGGsm, f-ImImIm±CCGG, and f-PyImIm±CCGG complexes at 298 K. This is particularly surprising since comparison of the DH°and DG°values for binding (Table 1) indicates that the enthalpic contributions play the primary role in driving the interactions. Given that the calorimetric DH°v alues for binding are more negative than the total free energies of binding, there must be unfavorable compensating entropic contributions in each binding process. Since the DH°v alues for these interactions are similar at 298 K, it is the difference in the unfavorable entropic contribution that dictates the different binding af®nities. The higher binding af®nity for the f-ImImIm±CTGGsm complex means the DS°f or formation of this complex must be less unfavorable than that of the complex with CCGG.
It is important at this point to combine results from the structural and thermodynamic studies to suggest possible explanations the similar DH°but quite different DG°and DS°f or binding of f-ImImIm to match and mismatch sites. NMR and CD results suggest that signi®cant conformational changes do not occur in the DNA binding sites on formation of these complexes (5, 6) . These observations imply that the entropic effects do not come from overall structural changes but from factors such as the loss of translational and rotational entropy of the polyamides and the opposing gain of entropy due to release of bound water molecules on complex formation (although the net change in bound water is unknown). Since the polyamides would be expected to be similarly hydrated and to release similar amounts of hydration water on complex formation, any differences in water released, among the complexes, would have to be due to differences in DNA hydration. Structural studies indicate that the T´G base pair adopts a wobble conformation with an unpaired free amino group of G that is strongly hydrated as part of the minor groove hydration matrix (12, 45) . On complex formation with f-ImImIm some of these tightly bound and highly ordered water molecules would be released from the T´G site to provide a favorable entropic contribution to complex formation. From this model the entropic contributions are predicted to be less unfavorable for formation of the f-ImImIm±CTGGsm complex than for the CCGG complex and this results in the enhanced af®nity for the T´G complex. The difference in DG°between the f-ImImIm±CTGGsm and ±CCGG complexes (~2 kcal/mol and mainly from entropy) is about the same order of magnitude as the entropy gain by releasing a single-bound water molecule from its site (46) . Binding of a netropsin analog to a mixed sequence DNA Nucleic Acids Research, 2004 , Vol. 32, No. 6 2005 suggested that water is actually taken up upon complex formation (47) , and it is dif®cult to see how this could enhance binding entropy. Initial molecular dynamics studies in our laboratory have suggested that minor groove hydration is quite varied among different AT DNAs, and it is possible that water release or uptake is quite dependent on different DNA sequences and ligands.
The negative DCp°values for complex formation can provide useful insights about interactions and hydration (30± 36). There are signi®cant differences in the heat capacity changes for the polyamides and DNA sequences used in these experiments. The DCp°for the f-ImImIm±CTGGsm complex, for example, is more negative than that for f-PyImIm±CCGG (Table 1 ). These DCp°values indicate important differences in the formation of complexes with the CCGG DNA versus the T´G mismatch CTGGsm sequence. Structured water, such as the water of hydrophobic hydration, can have a large heat capacity and release of such water, for example on transfer of nonpolar groups into the interior of proteins or to the minor groove of DNA, contributes a negative term to the binding DCp°. Since all of the polyamide complexes examined in this study have negative DCp°, the binding enthalpy becomes more favorable (more negative) while the binding entropy is less favorable (also more negative) as the temperature increases. Such effects are larger in systems where bound and ordered water molecules are more strongly associated with the DNA groove as with CTGGsm. Calculation of buried surface areas from the NMR structures of f-ImImIm±CTGGdm and f-ImImIm±CCGG indicate that the observed DCp°are correlated with water release from buried nonpolar and polar molecular surface.
Binding of polyamides to GC containing sequences has quite different characteristics than binding to AT-rich sequences. Binding of many imidazole-polyamides to sequences with GC or T´G mismatched base pairs displays positive cooperativity, while distamycin binds to A 3 T 3 with negative cooperativity (6) . This difference may be explained in terms of minor groove width. The groove of AT is unusually narrow (0.3±0.4 nm) (48) , but it is wider in mixed DNA sequences (0.5±0.6 nm) (49) as well as at T´G base pairs (12) . Since the thickness of one polyamide ring is~0.34 nm (50), the ®rst distamycin molecule can ®t snugly and make favorable van der Waals contacts with the walls of the minor groove in A 3 T 3 . For binding of the second molecule, however, the minor groove must widen suf®ciently to accommodate the two stacked distamycin molecules in a 2:1 complex. On the other hand, the groove width of GC-rich or T´G sequences is wider and can bind two polyamides in a positively cooperative manner even at low ratios of compound to DNA. Interestingly, the experimental K and DH°for distamycin binding are clearly resolved (17, 51 and this work) in ITC while those for polyamide binding with positive cooperativity are overlapped and dif®cult to separate. In summary, the results presented here provide a thermodynamic rationale for the speci®city in molecular recognition of T´G mismatch base pairs by Im-polyamides.
